Melting range, microstructure, mechanical properties and spreadabililty of Zn-(4$6 mass%)Al-(1$6 mass%)Cu alloys were investigated. Liquidus temperature was targeted between 655 and 675 K, and solidus temperature was targeted to 645 K. The liquidus temperature of the Zn-Al-Cu solders increased with Cu contents, but it decreased with Al contents. Microstructures of the Zn-Al-Cu solders consisted of primary "-phase (CuZn 4 ), -phase (Zn matrix), -eutectic phase (Zn-Al eutectic) and "-eutectic phase (Zn-Cu eutectic), irrespective of the Al and Cu contents. Increasing the Al and Cu contents, hardness and tensile strength increased, but elongation decreased. The Al content played an important role in improving the spread ratio, the Cu content had no significant influence on the spread ratio.
Introduction
The application of power electronics has been extended to a variety of automotive, aerospace, and energy production industries. 1, 2) With the miniaturization and increasing power of power electronics, high temperature operation has become a serious issue. As a response to the growing demand of high temperature operation, next generation power semiconductors such as SiC and GaN, and packaging materials such as AlN and Si 3 N 4 have been developed for application at temperatures in excess of 573 K. [3] [4] [5] The development of a high temperature solder that can function at an ambient temperature above 573 K is expected to enable significant improvements in power electronics.
For a solder alloy design, it is necessary to consider the proper melting range. The soldered interconnections must remain intact without melting for service temperatures of 573$623 K. Thus, the solidus temperature of the high temperature solder needs to be 20$25 K higher than the maximum operating temperature of 623 K, and the melting range is recommended to be narrower than 25 K to avoid the formation of solidification defects. To meet these requirements, the solidus temperature for the high temperature solder is recommended to be above 643 K and the liquidus temperature below 673 K.
Only a few candidates exist for high temperature lead-free solder application, including Au-(Sn, Si, Ge), Bi-Ag, and Zn based alloys. Since Au and Bi based alloys have several serious problems such as their high cost, formation of a massive intermetallic compound and brittle nature, [6] [7] [8] [9] Zn based alloys are thought to be a good choice. For this reason, several studies on Zn-(Sn, Al, Mg, Ga) based high temperature solders have been reported. [10] [11] [12] [13] [14] Vianco defined an ultra high temperature solder working properly between 573 K and 623 K and suggested a Zn-Al based alloy for the possible alloy system. 15) It has been reported the tensile strength, creep resistance, dimensional stability and corrosion resistance of Zn alloy are improved by the addition of Al/Cu elements. [16] [17] [18] However, little research has been reported on Zn based solder alloyed with Al and Cu with a melting range of 643$673 K for high temperature use.
In this paper, we examined the proper chemical compositions of Zn-Al-Cu alloy to meet the requirements of the melting range, and investigated fundamental characteristics including microstructure, mechanical properties and solderability for high temperature solder application.
Experimental Procedures
Considering an operating temperature of 573$623 K, the proper melting range of high temperature solder was set as a solidus temperature above 643 K and a liquidus temperature below 673 K. From Zn-Al-Cu ternary phase diagrams, it was estimated the liquidus temperature of Zn-Al-Cu alloy in the composition range of Zn-(0$3 mass%)Al-(1$6 mass%)Cu exceeds the limit of 673 K that we set 19) (hereafter, the composition unit of mass% is omitted in the notation). Therefore, in this study, we studied the chemical composition range of Zn-(4$6)Al-(1$6)Cu. The alloys used in this study were prepared from pure Zn (99.96), Al (99.99) and Cu (99.99) using the following procedures. Initially, Zn and Cu pure elements were melted in graphite crucibles using a high frequency induction furnace to produce a Zn-10Cu alloy. The melt was kept at 823 K for 300 s in an inert Ar gas atmosphere to ensure complete dissolution, and then cast into Cu molds coated with boron nitride. The Zn-10Cu, pure Al and pure Zn were prepared to meet the target composition, and melted together in the same way using the induction furnace in an Ar gas atmosphere. Molten metal was kept at 773 K for 300 s and poured into the Cu molds with an internal diameter of 12 mm and a height of 100 mm. Table 1 shows the chemical compositions of Zn-Al-Cu alloys for the selected samples, which were analyzed using inductively coupled plasma (ICP) mass spectroscopy.
The melting range was investigated using a differential scanning calorimeter (DSC) for a 20 mg specimen and a cooling rate of 1 K/min in a purified Ar gas atmosphere. The cross-section of the cylindrical solder alloy was polished and etched using 5% HCl and 95% methanol solution. Microstructural examination was carried out for the phase and composition analysis using optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), electron probe micro-analysis (EPMA) and transmission electron microscopy (TEM). Samples for TEM were prepared by ion beam thinning.
Solderability of the Zn-Al-Cu solders was evaluated with a spread ratio through a spreading test. The spreading tests were performed in an Ar gas atmosphere. For the substrate, a 99.99Cu sheets 1 mm thick with areas of 15 Â 15 mm were used. After polishing, the Cu sheets were degreased in a 10% water solution of HCl, and then cleaned in ethanol and dried in air. A piece of the solder (È5 mm Â t1 mm; 100 mg) was laid on the Cu sheets, heated to 703 or 723 K in the solder bath, and held for 30 s. The area of the solder spread was measured three times per alloy, and the average value was selected for multiple regression analysis. Vickers hardness was measured for a 9.8 N load and 10 s holding. A specimen for the tensile test was prepared by directly casting the cylindrical shape following the ASTM E8m standard. A tensile test was executed with a crosshead speed of 2 mm/min (gauge length: 25.4 mm, strain rate: 1:31 Â 10 À3 s À1 ). Figure 1 shows variations of liquidus and solidus temperatures as functions of the Al and Cu contents. The solidus temperature for all samples was maintained around 643 K. This solidus temperature is quite similar to the ternary eutectic temperature of a Zn-Al-Cu system as shown in Fig. 2 (Zn-7.05Al-3.85Cu, 645 K). 19) The liquidus temperature increased with the Cu content, however it decreased with the Al content.
Results and Discussion

Melting range
The melting range of Zn-Al-Cu alloys increased to 50 K and decreased to 10 K as the Al content decreased and the Cu content increased. To meet the above melting range requirements, nine alloy compositions of Zn-Al-Cu solder were selected as shown in Table 2 , and further characteristics of were examined only for these nine candidates. The nine candidate alloys are marked in Fig. 2 , showing the results of the melting range measurement are in agreement with the phase diagram. 19) 3.2 Microstructure Figure 3 shows the microstructure of Zn-Al-Cu solders as a function of Al and Cu contents. Regardless of the Al/Cu content, the microstructure consisted of three phases, i.e., white dendritic phase (A), gray dendritic phase (B) and black eutectic phase (C), as marked in Fig. 3(a) . For determination of the phases that appeared in the alloys, XRD (Fig. 4) and EPMA (Fig. 5) were carried out. XRD patterns indicated "-phase (CuZn 4 ), -phase consisting of Zn-(0.8$1.5)Al-(1.2$1.5)Cu and -phase consisting of Al-(17$32)Zn existed in the Zn-Al-Cu alloys. Quantitative EPMA results showed the white dendritic phase (A) was Zn-18.4Cu and the gray dendritic phase (B) was Zn-1.3Al-1.5Cu. Combining the EPMA and XRD results, the white phase (A) was primary "-phase (CuZn 4 ) and the gray phase (B) was -phase (Zn matrix).
Eutectic phase (C) observed in OM (Fig. 3) had two different eutectic structures, i.e., lamellar (C1) and nonlamellar (C2) structures, in the SEM observation as shown in Fig . 6 . Figure 7 (a) shows the TEM micrograph of the fine lamellar structure (C1), and Figs. 7(d) and (f) show the electron diffraction patterns of a dark phase and bright phase, respectively. The electron diffraction pattern showed the lamellar structure was composed of dark -phase (Al-rich, FCC) and bright -phase (Zn-rich, HCP), which were expected to be Zn-Al eutectic phase from the ternary phase diagram. 19) Figure 7 (b) is the TEM micrograph of the nonlamellar structure (C2), and Fig. 7(e) shows the electron diffraction pattern of the dark phase in the micrograph. The electron diffraction pattern of the bright phase in this coarse eutectic was the same as the pattern of -phase (Fig. 7(f) ). From the pattern analysis, the non-lamellar structure was composed of "-phase (CuZn 4 , HCP) and -phase (Zn-rich, HCP). This "-eutectic phase was found to be Zn-Cu eutectic phase from the Zn-Al-Cu ternary phase diagrams. 19 ) -phase in Fig. 7 (b) (marked as a dotted square) was observed at a higher magnification as shown in Fig. 7(c) .
From the results of the microstructure observation and analysis, regardless of the Al and Cu contents, the microstructure of Zn-(4$6)Al-(1$5)Cu alloy consisted of primary-" phase (CuZn 4 ), -phase (Zn matrix), -eutectic phase (fine lamellar eutectic) and "-eutectic phase (coarse Characteristics of Zn-Al-Cu Alloys for High Temperature Solder Application 1533 eutectic). The fraction of each phase, however, changed with Al and Cu contents as shown in Fig. 8 . From the Zn-Al-Cu ternary phase diagram as shown in Fig. 2 , an increase in Al content means the composition of an alloy approaches the ternary eutectic in the composition range of 4$6Al. In the view of microstructure, decreases in the "-phase and -phase fractions, and an increase in the eutectic phase (-and "-phase) fraction are expected. Figure 8(a) shows an increase in Al content results in an increase of in the eutectic phase fraction and a decrease in the phase fraction, but little change is observed in the area fraction of "-phase. With a decrease in the Cu content, the composition of Zn-Al-Cu alloy approaches the eutectic line of " and phases. Thus, the decreases in "-phase and eutectic phase fractions and an increase in the -phase fraction are expected. fraction of each phase changed with Al and Cu contents, as shown in Fig. 8 , in agreement with the Zn-Al-Cu ternary phase diagram. Figure 9 shows the variation in Vickers hardness as a function of alloying content. The hardness of Zn-Al-Cu solders increased with the Al and Cu contents, being about 94$123 HV. The hardness of Zn-Al-Cu alloy was lower than that of Au-20Sn (200.8 HV); however, it was sufficiently higher than the prior reported hardnesses of Bi and Pb based solders (Bi-2.5Ag: 15 HV and Pb-5Sn: 8.9 HV). 20) Figure 10 shows the variation in tensile properties as a function of alloying content. The tensile strength increased and the elongation decreased as the Al and Cu contents increased. Zn-Al-Cu alloys showed sufficiently high tensile strengths of 255$300 MPa, which were higher than Pb-5Sn (15 MPa), Bi-2.5Ag (34 MPa) and Au-20Sn (275 MPa) tensile strengths. The elongation was lower than that for Pb-5wtSn (39%); however, it was higher than that for the other high temperature lead free solder candidates (Bi-2.5Ag: 1.5% and Au-20Sn: 4.2%).
Mechanical properties
20)
The variations in the tensile property correlated to the microstructural behavior as a function of the Al and Cu contents. As the Al and Cu contents increased, the phase decreased and the eutectic phases (-and "-eutectic phases) increased (Fig. 8) . Figure 11 indicates relationships of the Vickers hardness and tensile strength with the area fraction of the eutectic phases. The Vickers hardness and tensile strength have linear relationships with the area fraction of the eutectic phases. Thus, the mechanical properties of the Zn-Al-Cu solders strongly depend on the area fraction of fine eutectic phases.
Spreadability
Solderability of the Zn-Al-Cu solder alloy was tested by measuring the spread ratio. Spread tests were conducted at 703 K and 723 K, which were 32 K and 52 K higher than the maximum liquidus temperature among the nine candidates. The spread ratio was calculated from the area difference of the 5 mm diameter solder disk prior to and post heating:
where A i is the initial plan area of a solder alloy (2:5 Â 2:5 Â mm 2 ) and A t is the total plan area wetted by the molten solder alloy. Figure 12 shows the influence of alloying content on the spread ratio for the Zn-Al-Cu solders. As the Al content Characteristics of Zn-Al-Cu Alloys for High Temperature Solder Applicationincreased, the spread ratio improved. However, the Cu content had an insignificant effect on spreadability. A higher test temperature produced a larger spread ratio. The addition of Al to the Zn alloy and high temperature has been known to increase the fluidity of the alloy; 18) therefore the spread ratio increased with Al content and test temperature. The Zn-AlCu solders had spread ratios between 62 and 66%, which were lower than those of Pb-5Sn based solders (85$90%). However, from the results of prior research, it should be improved using process techniques such as using a metal coating, mechanical assistance of the movement of the molten solder, and the use of flux. 15) 
Conclusion
In the present work, Zn based solders were examined using alloying elements, i.e., 4$6Al and 1$6Cu for high temperature solder applications.
The solder candidates having the appropriate melting range of 645$673 K were Zn-4Al-(1$3)Cu, Zn-5Al-(2$4)Cu and Zn-6Al-(3$5)Cu. Regardless of the Al and Cu contents, the microstructure of the Zn-Al-Cu solders consisted of the primary "-phase (CuZn 4 ), matrix -phase (Zn matrix), -eutectic phase (Zn-Al eutectic) and "-eutectic phase (Zn-Cu eutectic). The fraction of each phase varied with the alloying content. As the Al and Cu contents increased, the eutectic phases increased. The increase in eutectic phases was associated with the increases in Vickers hardness and tensile strength, and with the decrease in elongation. The increase in the Al content improved the solderability expressed as a spread ratio.
Through the evaluation of fundamental characteristics of Zn-Al-Cu solders, it is concluded that Zn-Al-Cu alloys have potential as high temperature lead-free solders in view of their melting range. Comparing to the other high temperature lead-free solder candidates (Bi-2.5Ag and Au-20Sn), Zn-AlCu solders have superior mechanical properties.
Considering the solderability of solder can be improved by process technologies including inert gas and/or joining pressure, the elongation of the solder is thought to be a very important property of high temperature solders for the reliability of the soldered joint. Zn-4Al-(2$3)Cu solders have the highest elongation value of about 9% and a proper melting range close to 25 K. Therefore, we suggest Zn-4Al-(2$3)Cu as a suitable composition range for high temperature solder application. For the evaluation of a composition's potential as a solder alloy, further works on joining characteristics are required.
